High-quality crystalline Ge thin-films on low-cost glass substrates are desired to reduce the 20 fabrication cost of high-efficiency tandem solar cells. We applied an Al-induced 21 crystallization technique to amorphous-Ge films (50-nm thickness) on SiO 2 glass substrates. 22 The annealing temperature of the sample strongly influenced the grain size and the crystal 23 orientation in the grown polycrystalline Ge layers: low annealing temperatures resulted in 24 large grains and high (111)-orientation fractions. As a result, annealing at 325 ˚C provided 25 98% (111)-oriented grains with average diameters of 30-m. Moreover, the grown Ge layers 26 could be used as an epitaxial template for chemical vapor deposition. This large-grained Ge 27 film on a SiO 2 substrate appears promising for use as a Ge light-absorbing layer, as well as an 28 epitaxial buffer layer for group III-V compound semiconductors. 29 30
Introduction
Germanium has been used in the bottom cell of high-efficiency tandem solar cells 32 because of its desirable characteristics, such as its narrow band gap (0.66 eV), large 33 absorption coefficient (~10 4 cm -1 at 1.1 eV), and good lattice matching to group III-V 34 compound semiconductors (0.1% lattice mismatch with GaAs) [1] . However, bulk Ge 35 substrates are extremely expensive, which has limited their application to special uses, such as 36 in tandem solar cells for space satellites. One promising approach to reducing fabrication cost 37 is substituting the bulk Ge substrate with a high-quality Ge thin film on a low-cost glass 38 substrate. Here, a low-temperature process (< 550 ˚C) is required to avoid softening the glass 39 substrate. Considering the absorption coefficient of Ge, the optimum thickness of the Ge layer 40 is calculated to be approximately 3-m. In order to be able to draw photoexcited carriers to 41 the bottom and top electrodes, the grain size in the Ge layer should be larger than 3-m in 42 diameter, because grain boundary scattering quenches the photoexcited carriers. Specifically, 43 a polycrystalline Ge (poly-Ge) layer works almost as well as a [11] [12] [13] , and chemical vapor deposition (CVD) [14] . However, the 51 resulting Ge layers consist of small, submicron grains, with nearly random orientations. The preparation of the Al and Ge layers on quartz glass (SiO 2 ) substrates was carried 66 out at room temperature using a radio-frequency magnetron sputtering method. The 67 deposition times were 2.5 minutes for Al and 2.2 minutes for Ge, respectively. Between the 68 two deposition cycles, the Al films were exposed to air for 5 minutes to form native AlO x 69 layers, in order to form a diffusion control layer. The thicknesses of the Al and a-Ge layers 70 were selected to be 50 nm each, because this thickness is favorable for the AIC growth of Fig. 3(a) . By definition, the (111) fraction contains planes with tilt that is within 10 o of the 7 exact (111) plane. Fig. 3 (a) clearly indicates that both the (111) fraction and the grain size 107 increase with decreasing annealing temperature. As a result, the (111) fraction is as high as 108 98% and the grain size is as large as 30-m diameter for an annealing temperature of 325 ˚C.
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These values are the highest among those previously reported for poly-Ge layers on 110 amorphous substrates in low-temperature processes [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In our previous work on AIC-Ge 111 annealed at 410 ˚C [30], the (111) fraction and the grain size were limited to 68% and 5 m, 112 respectively. Therefore, we can conclude that lowering the annealing temperature is very 113 important for enhancing the quality of the poly-Ge films in this AIC technique. 114 Next we discuss the annealing temperature dependence of the growth morphology. Ge 115 nucleation models are illustrated in Fig. 3(b) . In the AIC of Si, it has been reported that Si 
